Tankyrase 1 is a PARP [poly(ADP-ribose) polymerase] that localizes to multiple subcellular sites, including telomeres and mitotic centrosomes. Previous studies demonstrated that cells deficient in tankyrase 1 suffered a block in resolution of sister telomeres and arrested in early anaphase [Dynek and Smith (2004) Science 304, 97-100]. This phenotype was dependent on the catalytic PARP activity of tankyrase 1. To identify critical acceptors of PARsylation [poly(ADP-ribosyl)ation] by tankyrase 1 in mitosis, tankyrase 1 immunoprecipitates were analysed for associated PARsylated proteins. We identified NuMA (nuclear mitotic apparatus protein) as a major acceptor of poly(ADP-ribose) from tankyrase 1 in mitosis. We showed by immunofluorescence and immunoprecipitation that association between tankyrase 1 and NuMA increases dramatically at the onset of mitosis, concomitant with PARsylation of NuMA. Knockdown of tankyrase 1 by siRNA (small interfering RNA) eliminates PARsylation of NuMA in mitosis, confirming tankyrase 1 as the PARP responsible for this modification. However, even in the absence of tankyrase 1 and PARsylation, NuMA localizes to spindle poles. By contrast, siRNA knockdown of NuMA results in complete loss of tankyrase 1 from spindle poles. We discuss our result in terms of a model where PARsylation of NuMA by tankyrase 1 in mitosis could play a role in sister telomere separation and/or mitotic progression.
INTRODUCTION
Tankyrase 1 is a PARP [poly(ADP-ribose) polymerase] [1] that functions in telomere length regulation [2, 3] and sister telomere cohesion [4] in human cells. Human telomeres consist of tandem arrays of TTAGGG repeats and associated proteins that function to protect and replicate telomeric DNA [5, 6] . Telomere length maintenance depends upon telomerase, a reverse transcriptase that adds telomeric repeats to chromosome ends [7] . Tankyrase 1 was initially identified in a two-hybrid screen with the telomeric TTAGGG-repeat binding protein TRF1 (telomeric repeat binding factor 1) [8] , a negative regulator of telomere length that acts in cis to block access of telomerase to telomeres [9, 10] . Tankyrase 1 PARsylates [poly(ADP-ribosyl)ates] TRF1 in vitro, inhibiting its ability to bind telomeric DNA [1] . Upon overexpression of tankyrase 1 in the nucleus, TRF1 is removed from telomeres [2, 3] . The DNA-unbound form of TRF1 is ubiquitinated and degraded by the proteasome [11] . Thus tankyrase 1 is thought to regulate telomere length by controlling TRF1 levels at telomeres.
Although studies indicate a role for tankyrase 1 at telomeres, unlike other telomeric proteins such as TRF1, which resides mainly at telomeres, only a small fraction of tankyrase 1 localizes to telomeres. Indeed, the majority of the protein resides elsewhere at multiple subcellular sites, including mitotic centrosomes [12] , nuclear pore complexes [12] and the Golgi apparatus [13] . Consistent with these multiple localizations, two-hybrid screens have revealed a number of interacting proteins for tankyrase 1 (or its closely related human homologue tankyrase 2 [13] [14] [15] [16] [17] ), including: a resident Golgi protein, IRAP (insulin-responsive aminopeptidase) [13] ; an endosomal adaptor protein, Grb14 [17] ; NuMA (nuclear mitotic apparatus protein) [18] ; a heterochromatin and cortical actin staining protein, TAB182 (182 kDa tankyrase-binding protein) [19] ; and the cytoplasmic, apoptosisregulating Mcl-1 proteins [20] .
It is perhaps not surprising that tankyrase 1 has multiple binding partners considering its primary structure, which comprises a number of protein-protein interaction motifs [1] . At its N-terminus tankyrase 1 contains an HPS region (homopolymeric tracts of histidine, proline and serine) of unknown function. The HPS region is followed by an ANK domain containing 24 ankyrin repeats [21] . This domain is responsible for interaction with most of the known partners of tankyrase 1 described above, including TRF1, for which it contains five distinct binding sites [19] . Next is a SAM (sterile alpha module) [22] , which can promote homoand hetero-multimerization between tankyrase 1 and tankyrase 2 [23] [24] [25] . Finally, the C-terminus contains the catalytic PARP domain. Tankyrase 1 is a member of the PARP superfamily of enzymes, which catalyse the formation of long chains of ADPribose polymers on to themselves and other protein acceptors [26, 27] . These negatively charged polymers can drastically alter the properties of the protein acceptor, explaining for example how PARsylation of TRF1 by tankyrase 1 inhibits binding of TRF1 to telomeres [1] [2] [3] . In addition to TRF1, TAB182 and IRAP have been demonstrated as acceptors of PARsylation by tankyrase 1 in vitro [13, 19] .
To elucidate the function of tankyrase 1, we recently used siRNA (small interfering RNA) to knock down tankyrase 1 expression in human cells. We found, unexpectedly, that cells arrested in anaphase in the absence of tankyrase 1 [4] . Live cell imaging showed that, in tankyrase 1-deficient cells, chromosomes aligned normally on the metaphase plate, but sister chromatids were unable to segregate to daughter poles. Fluorescent in situ hybridization using chromosome-specific probes revealed that while sister chromatids were separated at their centromeres and along their arms, they remained associated at their telomeres, indicating that tankyrase 1 was required for separation of sister telomeres at mitosis. Finally, we showed that wild-type (but not PARP-dead) tankyrase 1 rescued the abnormal mitotic phenotype, indicating a requirement for PARsylation [4] .
Here we identify NuMA as a major acceptor of PARsylation by tankyrase 1 in mitosis in human cells. NuMA is a large coiledcoil protein that shuttles between the nuclear matrix in interphase and the spindle poles in mitosis [28] [29] [30] [31] . A number of functional studies indicate an essential role for NuMA in mitotic spindle assembly, where it is required to organize and stabilize a focused array of microtubules at spindle poles [30, [32] [33] [34] [35] . The role of NuMA at its interphase locale, the nuclear matrix, is less well understood. Our identification of NuMA as a major acceptor of PARsylation by tankyrase 1 in mitosis suggests the possibility that NuMA may play a critical role in tankyrase 1 function. We discuss our results in terms of a model for the regulation of sister telomere resolution and mitotic progression via PARsylation of NuMA by tankyrase 1.
EXPERIMENTAL

Cell cycle arrest and synchronization
To induce mitotic arrest, HeLaI.2.11 cells [36] were treated with 1.5 µg/ml nocodazole for 24 h.
To generate staged cell extracts, exponentially growing HeLaI.2.11 cells were treated with 2 mM thymidine for 14 h, released into fresh medium for 11 h, treated again with 2 mM thymidine for 14 h, and released into fresh medium containing 30 ng/ml nocodazole for 12 h. Cells were harvested for analysis at intervals from 0 to 12 h during the nocodazole incubation. Following 12 h in nocodazole, cells were collected by mitotic shake-off, replated in fresh medium and harvested for analysis at intervals from 0 to 3 h.
To collect mitotic cells without using nocodazole, cells were synchronized by double thymidine block as described above, and rounded mitotic cells were collected by shake-off between 8 and 9 h after release into fresh medium.
The cell cycle was verified by FACS analysis. Cells were collected by trypsinization, resuspended in PBS containing 2 mM EDTA, and fixed with cold 70 % (v/v) ethanol. Cells were stained with propidium iodide (50 µg/ml) and analysed with a BectonDickinson FACScan and Modfit 3.0 software to determine relative DNA content.
Cell extracts
HeLaI.2.11 cells were resuspended in 4 vol. of buffer C [20 mM Hepes/KOH, pH 7.9, 420 mM KCl, 25 % glycerol, 0.1 mM EDTA, 5 mM MgCl 2 , 0.2 % Nonidet P40, 1 mM dithiothreitol and 2.5 % protease inhibitor cocktail (Sigma)] or TNE buffer (10 mM Tris, pH 7.8, 150 mM NaCl, 1 mM EDTA, 1 % Nonidet P40 and 2.5 % protease inhibitor cocktail) for 1 h on ice. Suspensions were pelleted at 8000 g for 10 min. Aliquots of 25 µg (determined by Bio-Rad protein assay) of supernatant proteins were fractionated by SDS/PAGE and analysed by immunoblotting. • C for 30 min. Nonspecific antibody complexes and protein aggregates were removed by centrifugation at 800 g for 3 min. The supernatant was then incubated with rabbit IgG (1.8 µg/ml), rabbit anti-tankyrase 1 antibody 465 (1.8 µg/ml) [1] , mouse anti-NuMA (0.5 µg/ml; Oncogene) or normal mouse serum (1 µl/ml) at 4
• C with rocking for 1.5 h. Antigen-antibody complexes were then bound to Protein G-Sepharose at 4
• C with rocking for 1.5 h. After binding, beads from TNE extracts were washed in TNE buffer, and beads from buffer C extracts were washed in buffer D (20 mM Hepes, 100 mM KCl, 20 % glycerol, 0.2 mM EDTA, 0.2 mM EGTA, 0.1 % Triton X-100 and 0.1 % Nonidet P40).
For phosphatase treatment, immunocomplexes bound to beads were washed three times with HBS buffer (20 mM Tris, pH 5.5, 0.5 % Nonidet P40, 0.5 M NaCl and protease inhibitor cocktail) containing 1 mM 3AB (3-aminobenzamide), incubated in a 12.5 µl of a buffered reaction containing 1500 units of λ-phosphatase (New England Biolabs) for 30 min at 37
• C, and washed with HBS buffer.
For in vitro PARP assays, immunocomplexes bound to beads were washed three times with HBS containing 1 mM 3AB, washed once in 100 µl of PARP reaction buffer (50 Bound proteins were resuspended in 2 × sample buffer, fractionated by SDS/PAGE and transferred electrophoretically to nitrocellulose for immunoblot analysis, or gels were dried for detection by autoradiography.
Immunoblotting
Immunoblots were incubated with the following primary antibodies: rabbit anti-tankyrase 1 antibody 465 (1.8 µg/ml) [1] , mouse anti-α-tubulin (1:500 000; Sigma), rabbit anti-cyclin A (1 µg/ml; Upstate), rabbit anti-cyclin B1 (0.2 µg/ml; Santa Cruz), mouse anti-NuMA (0.1 µg/ml; Oncogene), rabbit anti-β-actin (0.2 ug/ml; Santa Cruz) or rabbit anti-PAR [poly(ADP-ribose)] (1:1000; Alexis 96-10, or a gift from Guy Poirier, Faculty of Medicine, Laval University, Ste-Foy, Quebec G1V 4G2, Canada), followed by horseradish peroxidase-conjugated donkey antirabbit or anti-mouse IgG (Amersham; 1:2500). Bound antibody was detected by SuperSignal West Pico or Dura kits (Pierce). Primary antibodies were detected with FITC-or TRITC (tetramethylrhodamine isothiocyanate)-conjugated donkey anti-rabbit or anti-mouse antibodies (Jackson Laboratories) respectively at 1:100. DNA was stained with DAPI (4,6-diamino-2-phenylindole; 0.2 µg/ml). Images were acquired on a Zeiss Axioplan 2 microscope with a Photometrix SenSyn camera. Photographs were processed and merged using IPLab software. Images in Figures 6 (A) and 6(C) were collected at the same exposure times and processed identically.
RESULTS
Tankyrase 1 is phosphorylated in mitosis
In order to investigate a role for tankyrase 1 specifically in mitosis, we characterized the state of the protein across the cell cycle. To generate staged extracts across mitosis, HeLaI.2.11 cells were released from an S phase double thymidine block into nocodazole for 12 h. At this time, mitotic cells were collected by shake-off and released out of nocodazole for 3 h. The cell cycle stage was determined by FACS analysis ( Figure 1A ) and cell extracts were examined by immunoblotting ( Figure 1B ). Upon entry into mitosis, tankyrase 1 shifted to a slower-migrating form ( Figure 1B , lane 5); this mobility shift was lost upon entry into G 1 ( Figure 1B, lane 10) . The G 2 /M phase timing of the tankyrase 1 mobility shift was confirmed by comparison with the mitotic cyclins; tankyrase 1 mobility shifted just prior to cyclin A degradation and persisted until cyclin B degradation ( Figure 1B) . Together, these data indicate a cell-cycle-regulated change in tankyrase 1 in mitosis.
To determine if the observed mobility shift reflected phosphorylation, tankyrase 1 was immunoprecipitated from cell extracts generated from asynchronous or nocodazole-arrested (mitotic) cells and incubated with λ-phosphatase. As shown in Figure 1 (C), phosphatase treatment of mitotic tankyrase 1 eliminated the mobility shift (compare Figure 1C, lanes 2 and 4) , indicating that tankyrase 1 was phosphorylated in mitosis. Interestingly, phosphatase treatment of asynchronous tankyrase 1 also resulted in a slight increase in tankyrase 1 mobility (compare Figure 1C , lanes 1 and 3), indicating that interphase tankyrase 1 was also phosphorylated to some extent.
The observation of a novel form of tankyrase 1 in mitosis raised the possibility that phosphorylation might influence its catalytic activity. To address this question, the ability of asynchronous compared with mitotic tankyrase 1 to undergo auto-ADP-ribosylation was determined. Tankyrase 1 was immunoprecipitated from asynchronous or mitotic cells and subjected to a PARP assay in vitro using [ 32 P]NAD + as a substrate. As shown in Figure 1 (D), no significant difference in tankyrase 1 automodification was observed, suggesting that phosphorylation at mitosis did not dramatically alter the catalytic activity of tankyrase 1 in vitro. Nonetheless, phosphorylation of tankyrase 1 could influence its binding partners and potential acceptors of ADPribosylation.
A novel acceptor of PARsylation by tankyrase 1 in mitosis
The observation of a novel form of tankyrase 1 in mitosis raised the possibility that phosphorylated tankyrase 1 might have unique binding partners that could be acceptors of ADP-ribosylation. To identify acceptors of tankyrase 1-mediated ADP-ribosylation in mitosis, extracts derived from nocodazole-arrested cells were immunoprecipitated with anti-tankyrase 1 or control antibody and then subjected to a PARP assay in vitro using [
32 P]NAD + as a substrate. In addition to tankyrase 1, a 32 P-labelled protein, which migrated with an apparent molecular mass greater than 200 kDa, specifically co-immunoprecipitated with anti-tankyrase 1, but not control IgG (Figure 2A, lane 2, lower panel) . In addition, a 32 Plabelled protein of approx. 116 kDa was co-immunoprecipitated non-specifically (i.e. with either control or anti-tankyrase 1 antibody; Figure 2B, lanes 1 and 2, lower panel) . This non-specific signal probably resulted from contaminating automodified PARP1 [39] , which is a very abundant PARP that migrates at 116 kDa. However, as detailed below, modification of the novel acceptor is not due to PARP1. We sought to pursue the novel high-molecular-mass ADP-ribosylated protein. One likely candidate for a tankyrase 1-interacting protein of > 200 kDa was NuMA (∼ 240 kDa). Previous studies indicated that a C-terminal fragment of NuMA could interact with tankyrase 1 by co-immunoprecipitation of transfected proteins [18] . To determine if NuMA was the acceptor protein, tankyrase 1 immunoprecipitates from nocodazole-arrested cells were analysed by immunoblotting with anti-NuMA antibody. As shown in Figure 2 (B), NuMA specifically co-immunoprecipitated with tankyrase 1. Conversely, immunoprecipitation of NuMA resulted in tankyrase 1 co-immunoprecipitation ( Figure 2C) . Moreover, when NuMA immunoprecipitates were subjected to a PARP assay in vitro, 32 P-labelled NuMA was detected (Figure 2C, lane 2, bottom panel) , indicating that NuMA was ADP- ribosylated. In this case 32 P-labelled tankyrase was not detected ( Figure 2C , lane 2), probably due to reduced amounts of tankyrase 1 in the co-immunoprecipitate compared with direct immunoprecipitation of tankyrase 1 ( Figure 2A, lane 2) .
Recombinant proteins were used to confirm that it was tankyrase 1, and not the contaminating PARP1, that was responsible for ADP-ribosylation of NuMA. NuMA was immunoprecipitated from nocodazole-arrested cells and subjected to an in vitro PARP assay in the absence or presence of recombinant tankyrase 1 or PARP-1. As shown in Figure 2(D) , addition of recombinant tankyrase 1 stimulated ADP-ribosylation of NuMA (compare lanes 1 and 3), whereas addition of recombinant PARP1 had no effect (compare lanes 1 and 2). To verify that tankyrase 1-mediated modification of NuMA was PARsylation, and not mono(ADP-ribosyl)ation, the in vitro PARP assay was performed in the presence of increasing amounts of the substrate, NAD + . In the presence of increasing concentrations of NAD + , both 32 P-labelled tankyrase 1 and NuMA were converted into slower migrating diffuse bands, indicative of PARsylation ( Figure 2E, lanes 3-5) . Modification of tankyrase 1 and NuMA was inhibited by the PARP inhibitor 3AB ( Figure 2E, lanes 6 and  7) . Together, these data indicate that NuMA is PARsylated by tankyrase 1 in vitro.
NuMA is PARsylated in vivo in mitosis
Our studies thus far indicated that NuMA and tankyrase 1 form a complex in mitotic cells. To determine if this association also occurred in interphase, we compared nocodazole-arrested mitotic with asynchronous cells. As shown in Figure 3 When cell extracts were analysed by immunoprecipitation with anti-tankyrase 1 antibodies followed by immunoblotting with anti-PAR, PAR-tankyrase 1 was detected in immunoprecipitates from either asynchronous or mitotic extracts ( Figure 3B , lanes 4 and 6, bottom panel). In contrast, although NuMA was present in similar amounts in these immunoprecipitates, PAR-NuMA was (again) considerably increased in mitotic cells ( Figure 3B , compare lanes 4 and 6). Together these studies suggest that NuMA is a major acceptor of PARsylation in mitosis.
Tankyrase 1 associates with NuMA at the onset of mitosis
To delineate further precisely when tankyrase 1 and NuMA interact, their association was analysed across the cell cycle. Figure 1 (A) and analysed by FACS ( Figure 4A ). Immunoblot analysis of whole-cell extracts (input) indicated that NuMA and tankyrase 1 levels were constant through S and G 2 /M phases ( Figure 4B ). In contrast, when the blot was probed with anti-PAR, a band that migrated at the same molecular mass as NuMA (> 200 kDa) was restricted to the G 2 /M phase of the cell cycle ( Figure 4B, lanes 5-7) . Cell extracts were immunoprecipitated with anti-NuMA antibodies followed by immunoblotting with antibodies against NuMA, tankyrase 1 or PAR. As shown in Figure 4(B) , while the NuMA immunoprecipitates contained similar amounts of NuMA across the cell cycle, tankyrase 1 and PAR-NuMA were dramatically increased in G 2 /M (lanes 5-8). These findings suggested that NuMA was PARsylated in a cell cycle-dependent manner by tankyrase 1 at G 2 /M.
HeLaI.2.11 cells were synchronized as in
In the experiments described thus far, nocodazole was used to increase the number of cells that accumulated in mitosis. To ensure that the observed modification was not dependent on nocodazoleinduced arrest, cells were isolated in mitosis by mitotic shakeoff. Thus cells were released synchronously in S phase from a double thymidine block, and then rounded cells were isolated by mitotic shake-off after 8-9 h in culture. PAR-NuMA was significantly increased in the mitotic cells ( Figure 4C, lane 4) , indicating that the modification did not depend on nocodazole. Finally, immunofluorescence analysis was used to determine the timing of the association between NuMA and tankyrase 1 in an asynchronously growing population of cells. The earliest time that co-localization between NuMA and tankyrase 1 was observed was in prophase (Figure 5a ). This co-localization persisted during prometaphase (Figure 5b ), metaphase ( Figure 5c ) and anaphase (Figure 5d ), but was then lost in telophase (Figure 5e ) as both proteins were no longer detected at centrosomes.
Knockdown of tankyrase 1 eliminates PARsylation of NuMA, but not its localization to spindle poles
To determine if NuMA depends on tankyrase 1 for its localization to spindle poles, tankyrase 1 expression was knocked down using siRNA and the cells were subjected to immunofluorescence analysis. In the absence of tankyrase 1, NuMA localized to spindle poles ( Figure 6A, panels b and b ) . To confirm that NuMA was no longer PARsylated in the absence of tankyrase 1, nocodazole-arrested tankyrase 1 siRNA cells were immunoprecipitated with anti-NuMA antibody and analysed by immunoblotting with anti-PAR. In the absence of tankyrase 1, NuMA was no longer PARsylated ( Figure 6B, compare lanes 2 and 3) . These data confirm tankyrase 1 as the PARP responsible for PARsylation of NuMA in vivo and, furthermore, indicate that PARsylation of NuMA is not required for its localization to spindle poles. To determine if tankyrase 1 depends on NuMA for its localization to spindle poles, NuMA expression was knocked down by siRNA and the cells were subjected to immunofluorescence analysis. Knockdown of NuMA resulted in loss of tankyrase 1 from spindle poles ( Figure 6C , panels b and b ). Note that whereas NuMA siRNA resulted in only a partial knockdown of NuMA at spindle poles, it induced a complete loss of tankyrase 1 at the poles. Indeed 80 out of 100 metaphases from NuMA siRNA-treated cells lacked tankyrase 1 at spindle poles. By contrast, 0 out of 100 metaphases from mock siRNA-treated cells showed loss of tankyrase 1 at spindle poles. Immunoblot analysis of NuMA siRNA cells showed that levels of NuMA were decreased, whereas tankyrase 1 was unaffected ( Figure 6D ). These data indicate that NuMA is required for localization of tankyrase 1 to spindle poles in mitosis.
DISCUSSION
Previous studies indicated that PARP-active tankyrase 1 was required for the separation of sister telomeres and mitotic progression [4] . Our finding that NuMA is a major acceptor of PARsylation by tankyrase 1 specifically in mitosis raises the possibility that this modification could play a role in sister telomere resolution and/or mitotic progression.
Tankyrase 1 in mitosis
We demonstrate that tankyrase 1 is quantitatively phosphorylated in mitosis. A previous study indicated that insulin-stimulated phosphorylation of tankyrase 1 increased its PARP activity [13] . We did not detect a reproducible significant increase in the PARP activity of tankyrase 1 at mitosis, as measured by automodification in vitro ( Figure 1D ) or by detection with anti-PAR antibodies ( Figure 3B ). Thus the phosphorylated mitotic tankyrase 1 observed here may differ from the insulin-stimulated form. Phosphorylation at mitosis could influence the subcellular localization and/or binding partners of tankyrase 1. For example, phosphorylation could be required to release tankyrase 1 from its interphase binding partners (which may reside in the Golgi or nuclear pore complex) and allow its association with mitotic binding partners at telomeres or spindle poles.
Phosphorylation does not appear to be required for the association of tankyrase 1 with NuMA, since NuMA can be co-immunoprecipitated with unmodified tankyrase 1 from either asynchronous or mitotic cell extracts (Figure 3) . Interestingly, however, anti-PAR detection of NuMA immunoisolated from asynchronous cells was greatly reduced compared with that from mitotic cells, despite the presence of tankyrase 1 in the complex (Figure 3) . One possibility is that the tankyrase 1-NuMA complex detected in asynchronous cell extracts in Figure 3 may not actually be formed in vivo, but rather only after cell lysis. Indeed, analysis of staged cell cycle extracts indicated a dramatic increase at G 2 /M in the association of tankyrase 1 with NuMA and a concomitant increase in the PARsylation of NuMA ( Figure 4B ).
Tankyrase 1 PARsylates NuMA in mitosis and co-localizes with NuMA to spindle poles. However, in the absence of tankyrase 1 and NuMA PARsylation, NuMA still localizes to spindle poles ( Figures 6A and 6B) , probably due to its association with tubulin and other components of the mitotic spindle. Thus PARsylation per se is not required for localization of NuMA to spindle poles. Nonetheless, this modification may influence NuMA's association with other proteins and its function during mitosis. By contrast, siRNA knockdown of NuMA resulted in loss of tankyrase 1 at spindle poles ( Figure 6C ), indicating that localization of tankyrase 1 to spindle poles depends on NuMA. 
PARsylation of NuMA in the nuclear matrix
During interphase, NuMA resides in the nucleus, as a filamentous component of the nuclear matrix [33, [40] [41] [42] [43] [44] . The nuclear matrix is the insoluble non-chromatin structure that remains after detergent extraction with DNase and high salt. The matrix may serve as a scaffold to organize nuclear components and to compartmentalize nuclear functions. Interestingly, biochemical studies indicate that telomeric DNA and the telomeric DNA binding protein TRF1 associate with the nuclear matrix [45, 46] . Ultrasructural analysis indicates that in human cells telomeres exist as matrix-associated higher-order complexes dispersed throughout the nucleus [46] . One interesting possibility is that PARsylation of NuMA by tankyrase 1 could influence the association of telomeres with the nuclear matrix. For example, in late G 2 or early prophase, it may be necessary to release telomeres from a nuclear scaffold to allow resolution of sister telomere cohesion. In the absence of tankyrase 1, sister telomeres fail to separate and cells arrest in anaphase. Rescue of this phenotype required a PARP-active tankyrase 1 [4] , prompting a search for acceptors of PAR by tankyrase 1 in mitosis. We show here that NuMA is the main acceptor of PARsylation by tankyrase 1 in mitosis, thereby begging the question of whether PARsylation of NuMA is required for sister telomere resolution and/or mitotic progression. Here it is worth mentioning that while it is clear that sister telomeres do not separate in the absence of tankyrase 1, what is less clear is why tankyrase 1 siRNA cells arrest specifically in anaphase. Unseparated telomeres may serve as a physical block to chromosome segregation or act as a signal to a checkpoint for anaphase arrest. Alternatively, tankyrase 1 may act at two stages: first, in late G 2 /early prophase to separate telomeres, and secondly, in anaphase to promote exit from mitosis. NuMA could play a role at either or both of these stages. Thus PARsylation of NuMA may (as described above) release telomeres from the nuclear matrix in G 2 /early prophase to allow dissociation of sister telomeres. Alternatively, or in addition, TRF1 could be the critical acceptor of PARsylation in this first step. Regardless, at the second step PARsylation of NuMA may be required for anaphase exit. A recent study showed that prolonged stability of spindle poles in anaphase correlated with NuMA binding to the poles [47] . Although highly speculative, perhaps PARsylation of NuMA is necessary for dissociation of NuMA from the poles and spindle disassembly. Interestingly, recent studies in Saccharomyces cerevisiae indicate that completion of the cell cycle requires co-ordination of chromosome segregation with mitotic spindle disassembly, and that this is achieved though a single protein, the CDC14 phosphatase [48, 49] . Tankyrase 1 could play a similar role in mammalian cells, co-ordinating sister telomere separation with mitotic exit.
PAR and spindle function
NuMA is a large multifaceted protein. It has an intrinsic ability to self assemble into fibrous structures [50] and it interacts with a number of essential mitotic components, including microtubules [51, 52] , dynein/dynactin [34] and the mammalian Pins homologue, LGN [53] . Thus NuMA is likely to have multiple functions in mitosis. PARsylation of NuMA may influence the structural integrity of the poles and/or essential protein interactions required for spindle function. Interestingly, a recent study demonstrated a requirement for PAR in mitotic spindle assembly and structure [54] . Our identification of NuMA as an acceptor of PARsylation in mitosis provides a candidate for a critical acceptor of PAR in the mitotic spindle.
